Acute-on-chronic liver failure (ACLF) is characterized by organ failure mediated by acute decompensation of cirrhosis. Recent studies have highlighted the importance of the gut-liver axis (GLS) and its association with ACLF pathogenesis. In this review, we discuss the mechanisms related to the alteration of the GLA and their involvement in ACLF pathogenesis and suggest some possible therapeutic options that could modulate the GLA dysfunction. This knowledge may provide information useful for the design of therapeutic strategies for gut dysbiosis and its complications in ACLF. 
Background
Acute-on-chronic liver failure (ACLF) is a condition previously defined as acutely decompensated cirrhosis accompanied by the development of multiorgan failure and has an in-hospital mortality rate of 45-65% [1] . Recent studies have shown that intestinal bacterial translocation (BT), inflammation, and immune disorders play important roles in ACLF pathogenesis [2] . The liver provides immune surveillance against various pathogens, including those from the gut, as well as mucosal immunity, and the intestinal microbiome affects liver function [3] . A compromised intestinal mucosal barrier and altered bacteria-mediated immune responses promote inflammation in the liver in ACLF [4] . Acute inflammatory storms in the liver caused by BT from the gut, as well as inappropriate responses by the innate immune system, and the subsequent development of intrahepatic and extrahepatic circulatory dysfunction ultimately lead to multiorgan failure [2] .
Mechanism underlying gut-liver axis disruption in acute-on-chronic liver failure
The link between the gut microbiota and host immunity in cirrhosis has been recognized over the past century [5] . The interaction between the gut and the liver is called 'gut-liver axis'. Bacteria and bacterial components from the gut microflora affect the liver and are associated with systemic inflammation and severity of liver diseases [4, 6] . Translocated bacteria or their products stimulate and activate the innate immune system and may modify the adaptive immune system, resulting in inflammation, liver cell apoptosis, and progression to liver failure [7] . Recent studies have shown that various immune cells in the intestine and liver are involved in immune responses in ACLF [8, 9] . The liver contains a large number of innate immune cells, such as Kupffer cells (KCs), natural killer cells, natural killer T cells, and dendritic cells (DCs), as well as cytotoxic T lymphocytes, which can directly induce the death of infected hepatocytes and mediate interferon-γ (IFN-γ) production. These immune cells and their produced cytokines are believed to play pivotal roles in ACLF progression [10] .
The mucosal immune system comprises the mucosalassociated lymphoid tissue (MALT) and immune cells and is an important part of the immune system [11] . The MALT is stimulated mainly by microbes located in the intestinal mucosa and prevents pathogenic microorganism invasion of the system [12] . The intestinal immune system is closely linked to immune-mediated liver injury through the gut-liver axis (GLA) [3] . The intestinal mucosa is composed of the epithelium, lamina propria, and muscularis mucosae. The intestinal mucosa functions include innate and adaptive immunity.
The liver-gut axis-related innate immunity
In the intestinal mucosa, phagocytic cells, such as neutrophils, DCs, and macrophages, play important roles in innate immunity by nonspecifically recognizing and clearing bacteria and bacterial products. The liver is the first extraintestinal organ encountered by venous blood from the small and large intestines draining from the portal vein. Thus, the liver is susceptible to exposure to bacterial products entering the intestinal lumen through the portal vein. The innate immune system is activated before the adaptive immune system and enables the highly specialized adaptive immune system to confer long-term immunological memory [9] . The innate immune system acts as the first-line defense against invading pathogens and other potential threats to the host. Exquisite coordination of multiple innate immune cells is crucial to efficiently destroy and clear invading pathogens and other molecular threat. The occurrence of liver failure results in the destruction of the intestinal immune barrier and enteric dysbiosis, and as a consequence of increased systemic lipopolysaccharide (LPS) and BT. Translocated bacterial products may augment the activation of hepatic immune cells through tolllike receptors (TLRs), and activate the innate immune system.
Lipopolysaccharide and other bacterial components translocated from the gut and toll-like receptor recognitions Under normal circumstances, intestinal mucosal permeability is low. Large molecules and toxins have difficulty passing through the mucosa, which is the first intestinal immune barrier responsible for maintaining gut homeostasis [13] . Bacterial products (e.g. LPS) contain pathogen-associated molecular patterns that can be recognized by pattern recognition receptors (PRRs) on intestinal epithelial cells [14] . The PRRs include TLRs and NOD-like receptors [15] . Different classes of germ lineencoded PRRs recognize invading pathogens and monitor host cell extracellular and intracellular microbe compartments. PRRs are anchored in innate immune cells as surface or intracellular receptors and have signaling pathways that trigger inflammatory responses and subsequent cellular activation [16] . A multifaceted interplay among different PRRs results in the induction of a complex spectrum of proinflammatory and anti-inflammatory, immunogenic and suppressive responses within the host. Altered PRR expression and functions are well-known features of ACLF [10] .
TLRs are a family of PRRs that play critical roles in the activation of the innate immune system by recognizing pathogen-associated molecular patterns. TLRs identify specific microbial antigens and play key roles in initiating cytokine responses and antigen presentation [17] . In ACLF, local and systemic immune recognition of LPS is mediated through clusters of TLR4 receptor complexes on the surfaces of intestinal epithelial cells and immune cells, predominantly monocytes/macrophages and DCs [18] . LPS recognition results in the subsequent promotion of an intracellular signaling cascade, leading to proinflammatory cytokine secretion. Activation of innate immune signaling pathways by TLR4 can induce inflammation, but longterm exposure to LPS can persistently activate the immune system and result in chronic inflammation [19] . In addition, TLR-associated inflammation may modify epithelial cell survival and homeostasis, epithelial integrity and tight junctions, and mucosal immunity. Long-term bacteriaassociated persistent immune activation and inflammation in the MALT may result in liver apoptosis and aggravated liver failure progression.
BT is defined as the migration of bacteria or bacterial products (e.g. LPS, lipoteichoic acid, peptidoglycans, and bacterial DNA) across an anatomically intact intestinal barrier from the intestinal lumen to the mesenteric lymph nodes or extraintestinal organs and sites [20] . Long-term BT results in persistent inflammation and immune activation, which lead to a microecological imbalance and exacerbate liver disease. Substantial evidence indicates that gut dysbiosis may be responsible for endotoxemia and that translocated LPS or other bacterial products from the gut microflora may induce hepatic microcirculatory disturbances and liver cell death, thereby contributing to ACLF pathogenesis [21] . LPS is one component of the cell wall of gram-negative bacteria, which are enriched in the intestines. Generally, only a small amount of LPS can penetrate the mucosa and enter into portal circulation. LPS induces liver cell apoptosis through CD14, TLR4, NF-κB, and tumor necrosis factor-α (TNF-α) signaling pathways, as well as other signaling pathways [22] . Immune cells expressing CD14 and TLR4 (e.g. macrophages) can recognize and remove LPS and thus play an important role in protection against LPS-mediated damage [23] . Additionally, circulating oxidative stress and protein oxidation lead to human serum albumin oxidation, which results in a decreased binding capacity of human serum albumin to LPS and ultimately reduces the systemic LPS levels [4] . Nonetheless, LPS is cleared mainly in the liver by KC [24] , thus dysfunction of KCs by liver failure directly may result in uncontrolled plasma LPS. In this review, we focus on LPS, a representative bacterial product, which has been shown to increase in plasma from patients with liver damage [7] . Other bacterial components may also play a role in ACLF disease pathogenesis.
LPS is not a specific protein antigen but can be recognized by the innate immune system through phagocytic cells (neutrophils, monocytes, peripheral macrophages, and KCs). The main cellular components of the innate immune system within the liver are KCs, which represent 80-90% of the tissue macrophages within the human body [25] . LPS is the most recognized TLR ligand and activates KCs through the TLR4 signaling pathway [26] . A correlation exists between the functional states of KCs and the extent of liver injury [26] .
Translocated LPS induces inflammatory factors, such as TNF-α. When TNF-α levels are low, KCs can clear LPS effectively. However, when the systemic LPS levels are high, KCs cannot remove LPS effectively, which causes more severe disease [27] . Therefore, the deactivation and apoptosis of hepatic macrophages may be a potential link between inflammation and immunoparesis in ALF. A higher incidence of infection, immune perturbations, and monocyte dysfunction is observed in patients with ACLF [28] . The following consequences may be present when liver functions are impaired: (a) persistent immune activation, inflammation and stimulation of reactive oxygen species induced by impaired function of KCs, and uncontrolled endotoxemia [29, 30] ; (b) uncontrolled intestinal bacteria overgrowth owing to endotoxemia, immune dysfunction, and TLR-mediated inflammation [31] ; and (c) an increase in the level of hepatotoxin, a toxic chemical substance that damages the liver, which may release to the circulation and result in immune dysfunction [32] .
The gut-liver axis-related adaptive immunity Innate and adaptive immune cells are distributed in the intestinal mucosa and submucosa. The adaptive immune system recognizes and clears specific foreign antigens that are mostly originated from the intestinal flora and other microbe-antigen interactions [33] . Effector immune cells are located primarily in the epithelium and lamina propria, which contain T cells, B cells, DCs, macrophages, eosinophils, and mast cells for initiating innate and adaptive immune responses [34] . The MALT, which lies in the mucosa and submucosa, is mainly involved in the adaptive immune response. In the liver, ACLF development results in dysfunction of both innate and adaptive immunities [35] .
DCs are professional antigen-presenting cells that are widely distributed in the liver and intestinal mucosa. The numbers and functions of DCs are closely associated with liver function and the prognosis of liver disease [36] . Significant hepatocyte apoptosis has been observed in ACLF and can mediate DC activation, migration, and accumulation in the liver [37] . DCs play a crucial role in both innate and adaptive immunity against microbial antigens. When LPS or other bacterial products translocate from the gut microflora to the mesenteric lymph nodes, intestinal epithelial cells release chemokines that induce the recruitment of DCs to the mucosa. Additionally, activated mature intestinal DCs stimulate naive T cell and B cell differentiation [38] , thereby ultimately shaping the adaptive mucosal immune system. Mature T cells and B cells are released into the bloodstream and home back to reside within the lamina propria owing to surface expression of appropriate homing markers. For instance, CD4 + and CD8 + T cells produce cytokines (e.g. IFN-γ) and participate in adaptive mucosal immunity [39] . Microbial antigens are presented to B cells and induce a commensal-specific IgA response that aids in the prevention of the straying of commensals beyond the gut mucosa [40] .
Gut microflora-associated inflammatory responses in the liver
Following liver disease progression, increases in intestinal permeability lead to increases in bacteria and bacterial product translocation (e.g. LPS) to the periphery, which may lead to activation, inflammation, and migration of immune cells to the liver [41] .
KCs are the first-line of defense in the liver and are activated through TLR4, complement receptors (C3R and C5R), and DAMPs [42] . Activated KCs produce a wide variety of inflammatory mediators. The release of massive amounts of local proinflammatory cytokines and antiinflammatory cytokines into the systemic circulation includes, but is not limited to, TNF-α; sTNF-αR1; sTNF-αR2; interleukin (IL)-2R; IL-6; IL-17; CXCL-8; IFN-α; the regulatory cytokines IL-2, IL-4, IL-10, and TGF-β; free oxygen radicals; eicosanoids; and lysosomal and proteolytic enzymes produced at the local site [43] . This first proinflammatory response results in immune responses to bacterial products; however, the excessive reaction may contribute to microcirculatory alterations, tissue edema, and neutrophil recruitment, which finally lead to multiple tissue damages and organ failures in ACLF, as descripted in the study by Gustot [44] . This phenomenon leads to quiescent stellate cell activation, differentiation into activated myofibroblasts, and the release of endothelin-1, thromboxane A2, nitric oxide, and prostaglandins. This process causes hepatic microcirculatory dysfunction and high portal pressure [45] . Nitric oxide release induces the death of hepatocytes through necrosis or apoptosis, which also damages neighboring cells [46] . Plasmacytoid DCs are originated from bone marrow hematopoietic stem cells and resemble plasma cells, whereas myeloid DCs are similar to monocytes or white blood cells. The enrichment of plasmacytoid DCs and neutrophils infiltration in combination with a decrease in myeloid DCs probably occurs through the cytokines IL-8, CXCL1, and IL-1 [47] . This cytokine burst and the release of reactive oxygen species perpetuate the inflammatory injury and ongoing hepatic apoptosis and necrosis.
Furthermore, T regulatory cells (Tregs) inhibit IFN-γ production, and monocytes assist in the generation of IL-17A-secreting CD4 + T cells through TGF-β and IL-6 secretion [48] . MER receptor tyrosine kinase (MERTK) expression further increases the susceptibility of hepatocytes to infection [49] . This cytokine burst and inflammatory cascade are considered causative events in the development of systematic inflammatory response syndrome (SIRS), compensatory anti-inflammatory response syndrome (CARS), immunoparalysis, and multiple organ dysfunction in ACLF, eventually leading to multiple organ failure, including the liver [50] .
Inflammation in acute-on-chronic liver failure
Previous studies from Claria's group showed that patients with ACLF had significantly increased levels of IL-6, IL-8, IL-1β, the redox state of circulating albumin (a marker of systemic oxidative stress), renin, and copeptin compared with healthy controls and/or patients without ACLF, and systemic inflammation was tightly associated with the severity, progression, and short-term mortality of ACLF [51, 52] .
Treatment strategies for gut-liver axis disruption in acute-on-chronic liver failure
Based on the GLA theory in ACLF discussed mainly in this review article, we further emphasize on the treatment strategies of GLA restoration.
Protection of intestinal mucosal barrier function by intestinal dendritic cells activation
Most recent studies regarding this phenomenon have attempted to detect and modify DCs to observe the subsequent changes in their behavior and the effects of these changes on intestinal mucosal immunity. An experimental study that investigated changes in intestinal DC numbers in hepatic failure found that a large number of matured DCs expressed an activation marker CD86 and activated MHC class II molecular pathways to induce a T cell adaptive immune response [53] . These findings indicate that DCs play an important role in the protection of intestinal mucosal barrier functions. Zhang et al. [54] found that inhibition of intestinal DC functions impaired intestinal mucosal barrier integrity and that intestinal pathogenic bacteria directly damaged the intestinal epithelium, leading to the translocation of large amounts of intestinal bacteria and the occurrence of severe systemic infections. Another study showed that early infection could drive DC activation through the HSP70/CCR5 pathway and/or the HSP70/TLR4-MyD88-independent pathway to activate Th1 cells, increase IL-12 secretion, and bolster immune functions [55] . Other researchers have observed that lactic acid bacteria stimulate DCs to initiate an immune response, reduce systemic levels of LPS and TNF-α, and increase tight junction protein ZO-1 expression in the ileum in mice with ACLF [56] . Taken together, these findings indicate that controlling the function of intestinal DCs can effectively improve intestinal mucosal barrier functions, prevent bacterial translocation, and attenuate liver cell damage.
Reconstruction of the intestinal microecology
Imbalance of the intestinal microbial flora can accelerate ACLF progression by the following mechanisms: [57, 58] (a) enrichment of microbiome in ACLF results in more severe gut permeability and systemic microbial translocation (e.g. LPS), and (b)enrichment of microbiome in ACLF increases proinflammatory condition and drives mucosal damage. Chen et al. [59] demonstrated several progressive changes in the following fecal microbial communities in ACLF: decreased levels of Bacteroidetes, Ruminococcaceae, Porphyromonadaceae, and Lachnospiraceae and increased levels of Firmicutes compared with the levels before disease onset. The authors concluded that gut dysbiosis was associated with worse ACLF pathogenesis than its associated pathogenesis in cirrhosis. Additionally, the authors found that the changes in the microbiota composition were correlated with the liver disease severity. For example, levels of Bacteroidetes and Lachnospiraceae were inversely correlated with disease severity, and levels of Proteobacteria, Fusobacterium spp., Enterobacteriaceae, Veillonellaceae, and Streptococcaceae were positively correlated with disease severity [59] . Indeed, results obtained using cuttingedge research techniques indicate that variations in the intestinal bacterial composition can affect liver disease progression [60] .
The regulation of the intestinal microecology by microbial ecological agents has been proposed as an emerging therapeutic strategy for ACLF [61] . Microbial ecological agents include at least three classes, probiotics, prebiotics, and synbiotics [62] . Probiotics use is giving beneficial bacteria to patients, which has been shown to provide some effects in patients with inflammatory bowel diseases [62] . Prebiotics are defined as nondigestible food ingredients, including oligosaccharides, galactooligosaccharides (lactulose), and gluco-oligosaccharides and xylo-oligosaccharides [62] . Through selectively stimulating the growth of one or a group of bacteria in the gastrointestinal tract, prebiotics have been shown to improve mucosal barrier function, stimulate regulatory T cells, and reduce proinflammatory cytokines [62] . Synbiotics is the combination of prebiotics and probiotics for synergistic effects and are treated and have shown some effects in patients with inflammatory bowel diseases [62] . These agents can increase the normal physiological activity of the intestinal tract, increase the levels of favorable bacterial strains, prevent the growth of pathogens, improve the function of mucosal layer, and preserve intestinal epithelial cells, thereby reducing BT and LPS release [63] . Many experimental observational studies have examined and found that the modification of intestinal flora can improve the survival rate of patients with liver failure [64] .
Inhibition of hepatic inflammatory responses LPS released from a 'leaky' gut can reach the liver through the portal vein and trigger cytokine biosynthesis, thereby promoting inflammatory responses and ultimately resulting in liver dysfunction. Therefore, reducing LPS and inhibiting cytokine biosynthesis to decrease hepatic inflammatory responses and protect against the liver cell apoptosis induced by intestinal bacterial translocation are the focus areas of ACLF treatment strategies.
Inhibition of the biological activity of toll-like receptors 4
TLR4 is a transmembrane protein that is found mainly in monocytes and macrophages. It plays an important role in recognizing and mediating monocyte and macrophage activation (e.g. KC) and proinflammatory cytokine release (e.g. TNF-α) [65] . Increased TLR4 expression has been observed in patients with ACLF [66] . Activated TLR4 initiates proinflammatory cascades in which large amounts of cytokines are released to aid in the eradication of bacteria. However, excessive host responses to LPS can lead to SIRS. Significant morbidity associated with ACLF has been found owing to SIRS [61] . TLR4 has been shown to play an integral role in the modulation of SIRS; [67] thus, inhibition of the biological activity of TLR4 is a distinct target for preventing ACLF progression.
TLR4 antagonists, such as MD2-I, TAK-242, E5564, and STM28, offer a promising perspective for the reduction of liver injury and neuroinflammation and increased survival in ALF animal models [68] . These antagonists may contribute to the mechanism of treatment of ACLF as follows: (a) reducing TLR4 activity, (b) blocking LPSinduced TNF-α overproduction, and (c) decreasing the SIRS response [69] .
MER receptor tyrosine kinase inhibitors
MERTK is expressed in monocytes and macrophages and inhibits innate immune responses. The numbers of monocytes and macrophages that express MERTK are correlated with the disease severity and inflammatory response [70] . MERTK-expressing monocyte/macrophage populations are a novel finding in the pathogenesis of immunoparesis in ACLF [71] . A recent study showed that patients with ACLF had increased numbers of immunoregulatory monocytes and macrophages that expressed MERTK and suppressed the innate immune response to microbes. The numbers of these cells correlated with SIRS components, inflammatory cytokines, and subsequent increased infections. MERTK inhibitors restore the production of inflammatory cytokines by immune cells from patients with ACLF and have potential for improvement of innate immune responses in these patients [72] .
High-mobility group box 1
High-mobility group box 1 (HMGB1) is a cytokine mediator of inflammation that is secreted by immune cells, such as macrophages and monocytes. High HMGB1 levels have been detected in the sera of patients with acute liver failure [73] and hepatitis B virus-mediated ACLF [74] , demonstrating that HMGB1 release is associated with liver cell damage. Moreover, the serum HMGB1 levels were significantly higher in patients with severe hepatitis B and ACLF [75] . Animal experiments have confirmed that blockade of HMGB1 can ameliorate ACLF in rats [76] . Blockade of HMGB1 in a rat model mimicking ACLF reduced hepatic apoptosis, hepatic inflammatory responses, and SIRS, thereby alleviating liver inflammation and SIRS activation in patients with ACLF. Therefore, HMGB1 is a promising therapeutic target for ACLF.
Other options
Other therapeutic options include antibiotics, granulocyte colony-stimulating factor (G-CSF), and statins. Owing to selective bacterial decontamination and increased antibiotic resistance to antibiotics, therapeutic strategies should consider nonantibiotic prevention and treatment [77] . Moreover, G-CSF is the most potent cytokine to mobilize hematopoietic stem cells from the bone marrow, which is used for repopulating hepatocytes and nonparenchymal cells in the liver, as well as immune cells [77] . G-CSF has been shown to prevent infection and sepsis, and increase survival rates in patients with ACLF [77] . In addition, statins have antiinflammation and may have anti-infection effects, which may benefit to patients with ACLF [77] .
Conclusion
Refining the phenotypic characterization and function of human intestinal monocytes/macrophages and DCs, immune activation, as well as gut barrier disruption would facilitate further investigation of their involvement in ACLF. Further investigation into the direct interactions between gut microbiota, inflammation, and multiple organ damage in ACLF may elucidate the interaction of the dynamic alterations of microorganism and disease pathogenesis. An increased understanding on the field of the GLA disruption may contribute to the understanding of ACLF pathogenesis and will benefit the development of new therapeutic strategies.
